The one-loop induced top quark decay t → u 1ū2 u 2 (u i = u, c) is calculated in the context of the standard model. The dominant contribution to this top quark decay arises from the Feynman diagrams involving the off-shell tu 1 g * vertex. In contrast with the on-shell tu 1 g vertex, which only gives rise to a pure dipolar effect, the offshell tu 1 g * coupling also involves a monopolar term. It is found that the branching ratio for the three-body decay t → u 1ū2 u 2 exceeds the one for the two-body decay t → u 1 g by almost one order of magnitude, partly because the former is dominated by the monopolar contribution, which is larger than the dipolar one.
The top quark detection at the Fermilab Tevatron [1] greatly boosted the interest in top quark physics. The huge mass of this quark suggests that it could be very sensitive to new physics effects, which may manifest themselves through anomalous rates for its production and decay modes. Although some properties of the top quark have already been examined at the Tevatron [2] , a further scrutiny is expected at the CERN large hadron collider (LHC). This machine will operate as a veritable top quark factory, producing about eight millions oftt events per year in its first stage, and hopefully up to about eighteen millions in subsequent years [3] . Yet in the first stage of the LHC, many rare processes involving the top quark are expected to be accessible. It is thus worth investigating all of the top quark decays within the standard model (SM) in order to find out any scenario that may be highly sensitive to new physics effects.
In the SM, the main decay channel of the top quark is t → bW . Although the nondiagonal t → dW and t → sW modes are more suppressed, they still have sizable branching ratios, of the order of 10 −3 . As far as rare decays are concerned, the three-body tree-level induced modes t → d i W Z and t → u 1 W W , with d i = b, s, d and u 1 = u, c, are strongly dependent on the precise value of the top quark mass. It has been shown that the t → u 1 W W decays are severely GIM-suppressed [4] , but t → bW Z can have a branching ratio of the order of 10 −5 for a top quark mass larger than 187 GeV [5] . This decay mode has been suggested as a probe for the top quark mass because it is almost in the threshold region [6] . At the one-loop level, there arise the flavor changing neutral current (FCNC) decays t → u 1 V (V = g, γ Z) and t → u 1 H, which are considerably GIM-suppressed, with branching ratios ranging from 10 −10 to 10 −13 [7] . Motivated by the fact that any process that is forbidden or strongly suppressed within the SM constitutes a natural laboratory to search for any new physics effects, FCNC top quark decays have been the subject of considerable interest in the literature [8, 9, 10, 11, 12] . It turns out that they may have large branching ratios, much larger than the SM ones, within some extended theories such as the two-Higgs doublet model (THDM) [8] , supersymmetry (SUSY) models with nonuniversal soft breaking [9] , SUSY models with broken R-parity [10] , and even more exotic scenarios [11] . Similar results for the decays t → u 1 V and t → u 1 H were obtained within the context of effective theories [12] . In this letter, we present a calculation of the t → u 1ū2 u 2 decay (u 2 stands for the u or c quark), which arises at the one-loop level in the SM. Although the study of rare top quark transitions has attracted considerable attention, to our knowledge the rare decay t → u 1ū2 u 2 has never been analyzed before.
Decays of the type t → u 1ū2 u 2 proceed through the reducible diagrams shown in Fig. 1(i) , which are characterized by a resonant effect coming from the intermediary g, γ, Z and H bosons. There are also contributions from box diagrams carrying internal W gauge bosons and down quarks [see Fig. 1 (ii)]. Since each type of diagram renders a finite amplitude by its own, the different contributions can be considered as independent. More importantly, we will show that the t → u 1ū2 u 2 decay is essentially determined by those graphs involving a virtual gluon, i.e., those reducible diagrams that involve the oneloop vertex tu 1 g * along with the tree-level vertex g * ū 2 u 2 . The role played by this contribution is evident from the fact that it constitutes an electroweak-QCD mixed effect. This is to be contrasted with those reducible graphs with γ, Z and H exchange, as well as the box diagrams, which are entirely determined by electroweak couplings. As a consequence, the pure electroweak contributions become suppressed by a factor of α/α s as compared with the electroweak-QCD mixed ones.
Having identified the most favorable dynamical scenario for the t → u 1ū2 u 2 decay, we would like to point out some noteworthy properties of this process. They are closely related to the fact that the t → u 1ū2 u 2 decay is mediated by a virtual massless vector boson, i.e., the gluon or the photon. Without
losing generality, it is enough to discuss the gluon contribution as it is the dominant one. Naively, one would expect that the rate for the two-body decay t → u 1 g is larger than that for the three-body decay t → u 1ū2 u 2 , but this is not true at all. This stems from the fact that while the on-shell tu 1 g vertex is characterized by a dipole structure (the tu 1 pair couples to the gluon through the gauge tensor G a µν ), the corresponding off-shell tu 1 g * vertex involves also a monopole structure (the tu 1 pair interacts directly with the A a µ gauge field). Therefore, while the t → u 1 g transition is entirely determined by the dipole structure, both the dipole and the monopole structures contribute to the t → u 1ū2 u 2 process.
1 It turns out that the contribution from the monopolar term can be considerably larger than that arising from the dipolar one. We have found that this is indeed the case for the rare decay t → u 1ū2 u 2 . It means that while the t → u 1 g decay is determined by the dipolar term, the t → u 1ū2 u 2 mode is governed by the monopolar one. Moreover, the three-body decay is unsuppressed because it includes the QCD vertex g * ū 2 u 2 , which is much less suppressed than the electroweak vertices γ * ū 2 u 2 and Z * ū 2 u 2 . The above properties nicely conspire to enhance the t → u 1ū2 u 2 decay rate by about one order of magnitude with respect to that of the t → u 1 g transition.
Once the main motivations for studying the t → u 1ū2 u 2 decay were discussed, we turn to the analytical results for its decay width. Below, p 1 , p 2 , andp 2 will stand for the 4-momenta associated with the u 1 , u 2 , andū 2 quarks. It is useful to introduce the following dimensionless variables: x = m 2 . The u i quark mass will be retained in the phase space integral since a factor of 1/x 2 , associated with the gluon pole, enters into the t → u 1ū2 u 2 squared amplitude. The invariant mass distribution dΓ/dx is given by
with the squared amplitude being
The loop amplitudes A i derive from the tu 1 g * vertex, and are given by 
and
In writing the above expressions, the unitarity condition i V u 1 i V † ti = 0 was taken into account, i.e., any term independent of the internal quark mass was dropped out. Also, it is straightforward to show that 3 a=1 f b a = 0 for b = 1, 2, which means that, as expected, the A i amplitudes are free of ultraviolet divergences. As far as the F i (x, y) functions are concerned, they are given by
whereas the Passarino-Veltman scalar functions B 0 and C 0 are, in the usual notation:
Finally, the integration limits are as follows
where x 0 = m u 1 /m t and y 0 = m u 2 /m t .
It is worth mentioning that the loop amplitude A 1 is associated with the monopole term of the off-shell tu 1 g * vertex, whereas A 2 arises from the dipole one. As natural, from Eq. (3) it is evident that A 1 vanishes in the on-shell limit (x → 0), in agreement with the fact that the t → u 1 g decay is entirely determined by a dipole term. We will show below that the monopole contribution is larger than the dipole one.
Since the A i amplitudes do not depend on y, this variable can be integrated over readily. In the y 0 → 0 limit, such integration yields
where
It is interesting to note that neither the y 0 → 0 nor the x 0 → 0 limits can be taken when integrating over x because the A i amplitudes and the f i functions become undefined on the edges of the integration region x = 1 and x = 0, respectively.
For comparison purposes, it is convenient to introduce the ratio
It is straightforward to show that R = 2α s 3π
with
Here, the term I 0 = |A 2 (x = 0)| 2 is associated with the transition amplitude for the two-body decay t → u 1 g. After considering the current experimental data [6] , numerical integration leads to
As far as the off-shell tu i g * vertex is concerned, the contribution of the monopole form factor is almost one order of magnitude larger than the dipole one. This effect is exhibited in the invariant mass distribution dΓ(t → u 1ū2 u 2 )/dx, which is shown in Fig. 2 , where we plotted separately the monopolar and dipolar contributions. On the other hand, when comparing the size of the on-shell vertex tu i g with that of the off-shell one tu i g * , it is found that the tu i g dipole contribution is two orders of magnitude smaller than the tu i g * monopole contribution and one order smaller than the tu i g * dipole contribution. Thus, while the t → u 1 g decay is entirely governed by the dipolar contribution, the t → u 1ū2 u 2 transition is determined by the monopolar term rather than the dipolar one. The above results yields R ≈ 2α s 3π
which shows that Br(t → u iū2 u 2 ) is almost one order of magnitude larger than Br(t → u 1 g). More explicitly Br(t → cg) = 2.46 × 10 −11 and Br(t → cū 2 u 2 ) = 1.78×10 −10 . These decay rates seem however too small to be detected ever. Nevertheless, the decay t → u iū2 u 2 may be largely enhanced in some SM extensions, where the effect shown above may be very important.
In conclusion, we have shown the interesting fact that three-body decay t → u 1ū2 u 2 has a branching ratio much larger than that for t → u 1 g. Although rare decays of this type are very suppressed in the SM, they may have much larger branching ratios in other SM extensions, thereby constituting a natural place to search for any new physics effects.
